Abstract How centromeres are assembled and maintained remains one of the fundamental questions in cell biology. Over the past 20 years, the idea of centromeres as precise genetic loci has been replaced by the realization that it is predominantly the protein complement that defines centromere localization and function. Thus, placement and maintenance of centromeres are excellent examples of epigenetic phenomena in the strict sense. In contrast, the highly derived "point centromeres" of the budding yeast Saccharomyces cerevisiae and its close relatives are counterexamples for this general principle of centromere maintenance. While we have learned much in the past decade, it remains unclear if mechanisms for epigenetic centromere placement and maintenance are shared among various groups of organisms. For that reason, it seems prudent to examine species from many different phylogenetic groups with the aim to extract comparative information that will yield a more complete picture of cell division in all eukaryotes. This review addresses what has been learned by studying the centromeres of filamentous fungi, a large, heterogeneous group of organisms that includes important plant, animal and human pathogens, saprobes, and symbionts that fulfill essential roles in the biosphere, as well as a growing number of taxa that have become indispensable for industrial use.
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Introduction
Much of what is currently known about centromeres in fungi is based on studies with the ascomycetous yeasts Saccharomyces cerevisiae, Schizosaccharomyces pombe, and Candida albicans, representatives of a relatively small group of fungi. Pioneering work with S. cerevisiae uncovered extremely short centromeres comprised of conserved DNA sequences that are recognized by specialized DNA-binding proteins, thus suggesting a requirement for specific DNA sequence to determine centromere position (reviewed in Cleveland et al. 2003; Meraldi et al. 2006) . This "point centromere" model, however, did not hold true for S. pombe (Cam et al. 2005; Nakaseko et al. 1986; Scott et al. 2006) , C. albicans (Baum et al. 2006; Sanyal et al. 2004) , or other eukaryotes (Copenhaver et al. 1999; Dong et al. 1998; Nagaki et al. 2005; Richards et al. 1991; Rudd and Willard 2004; Schueler et al. 2001; Sun et al. 2003; Yamamoto and Miklos 1978; Zhang and Zhang 2004) , which form "regional centromeres" that are characterized by long stretches of repetitive DNA (Allshire 1997; Black et al. 2007; Blower and Karpen 2001; Blower et al. 2002; Karpen and Allshire 1997; Nagaki et al. 2003; Shibata and Murata 2004; Sullivan et al. 2001; Sullivan 2001; Yan et al. 2005 ). In C. albicans, regional centromeres are composed of unique 3-4.5 kb sequences (Sanyal et al. 2004) , and the overall size and position of these CEN sequences are conserved between different C. albicans strains (Mishra et al. 2007) . Neocentromeres can form near repetitive DNA, often near the original centromere (Ketel et al. 2009 ). Nevertheless, DNA sequence alone does not establish centromere identity, as CEN DNA introduced on a plasmid was insufficient to establish centromeres de novo (Baum et al. 2006) . The much larger centromeric regions of S. pombe chromosomes contain segments that constitute the 10-15 kb centromere cores (the imr, or "inner repeats," and cc, or "central cores") and 10-60 kb of repeats that generate the surrounding pericentric heterochromatin (the otr, or "outer repeats") on each side of the three centromere cores (Fishel et al. 1988) . Deletion of centromeric DNA caused neocentromere formation near telomeric heterochromatin or telomere-telomere fusions between the acentric and a normal chromosome (Ishii et al. 2008) . Again, specific DNA segments alone were insufficient to induce de novo centromere assembly. Rather, functional RNAi and heterochromatin machineries are required to generate centromeres on plasmid-based minichromosomes, but neither pathway is required for maintenance of functional centromeres (Folco et al. 2008; Kagansky et al. 2009 ).
Identification of centromeric DNA in filamentous fungi
The nature of centromeric DNA in the filamentous fungi is paradoxically both a hindrance and an advantage for the study of centromeres in these organisms.
In an era when whole genome sequencing has become seemingly trivial, discovery of centromeric DNA sequences in filamentous fungi still remains a substantial challenge. Like those of many higher eukaryotes, putative centromeric DNA sequences in the filamentous fungi are composed of a complex, heterogeneous set of repetitive, AT-rich sequences that can span between 30 and 450 kb. These sequences are inherently difficult to capture by traditional Sanger sequencing methods that require in vivo cloning, and a challenge for sequence assembly algorithms used with both traditional or newer high-throughput sequencing (HTS) technologies, which avoid cloning but generate typically short, 100-400 nucleotide reads. The first centromeric DNA from a filamentous fungus to be cloned came from Neurospora crassa (Centola and Carbon 1994) and was partially sequenced (Cambareri et al. 1998) , aided by genetic data that placed centromere VII (Cen-VII) next to well-studied classical markers. Based on only 16 kb of sequence, it was concluded that Neurospora centromeres are composed of degenerate transposons, mostly retrotransposons, and simple sequence repeats. The degenerate nature of the transposons is due to the action of a premeiotic process called "repeat-induced point mutation" (RIP), which, through an unknown mechanism, recognizes repeated DNA and mutates both copies, yielding numerous C:T and G:A transition mutations (Cambareri et al. 1989; Selker 1990 ). RIP will continue in successive sexual cycles until sequence identity between two copies decreases below~85 %, but it will begin again if such regions become reduplicated (Cambareri et al. 1991) . Presumably, these cycles of duplication and mutagenesis can continue until no Cs remain. Combined with potential gene conversion or recombination events, RIP appears to provide an interesting mechanism for diversification of centromeric DNA in many filamentous fungi.
Nearly all centromeric DNA on the seven Neurospora chromosomes has been assembled (Borkovich et al. 2004; Galagan et al. 2003) , partly because the genome has been sequenced to more than 1,000-fold coverage. The early conclusions still hold true but have been refined. The DNA component of each centromere is comprised of 175-300 kb of mutated degenerate transposons and other AT-rich sequences that are no longer recognizable as ancestral transposons because of the action of RIP . No specific recognizable pattern in the arrangement of these transposon relics has emerged to allow identification of segments that are functionally similar to the S. pombe otr and imr regions. Indeed, comparing segments of centromeric DNA to segments of DNA that are subject to heterochromatization reveals no obvious compositional or structural bias between core centromeric, pericentric, and dispersed heterochromatic DNA in Neurospora .
Some uncertainties remain, however. Except for Cen-IV, centromeric DNA on the other chromosomes is still contained on up to 11 contigs that are separated by unknown sequence. This suggests that some centromeric DNA sequences are still missing. Based on the optical map this may be as little as 0.5 Mb for the entire genome. Secondly, even in the not completely identical, yet repeat-rich centromeric DNA of Neurospora there is potential for misassembly. One such example was identified on Cen-II, where a single expressed pseudogene that is also associated with active chromatin marks, i.e., dimethylation of histone H3 lysine 4 (H3K4me2), was erroneously assembled as part of the centromere . There is little doubt that there are additional minor inconsistencies, so that centromeric DNA assembly in N. crassa will need some further refinement, perhaps aided by the quickly advancing sequencing technologies that promise longer reads in the near future.
With the availability of over 20 N. crassa genomes (McCluskey et al. 2011; Pomraning et al. 2011) and those of at least three sister species (Ellison et al. 2011b; Nowrousian et al. 2010) , we can ask how centromeric DNA has changed or is changing in real time. To address the second question, we compared several laboratory strains (N1961, N3011, and progeny from crosses) to the widely used laboratory wildtype strain FGSC2489 (P. Phatale, K.M. Smith, and M. Freitag, unpublished data) . Both N1961 and N3011 were derived from FGSC2489 by transformation and genetic crosses with mixed background strains. As expected, coverage of Illumina sequence reads across the chromosome was fairly even in centromeric regions that had been previously identified by chromatin immunoprecipitation followed by HTS (ChIPseq) with CenH3 ), suggesting that no major rearrangements had occurred, similar to what we observed with FGSC3566 ( Fig. 1) . Single nucleotide polymorphisms (SNPs) were predominantly found outside the centromeric DNA. In stark contrast, centromeric DNA of the more distantly related Mauriceville laboratory strain (NMF37), which is frequently used for RFLP mapping (Metzenberg et al. 1984) , shows low overall coverage in the centromeric regions but a relatively high number of SNPs in regions with similar DNA . In contrast to larger eukaryotic genomes, absence of coverage indicates that specific DNA segments are completely absent from the N. crassa genome. Intermediate coverage is based on the presence of SNPs. Analyzing a set of genome sequences that were generated to map classical mutations of N. crassa (McCluskey et al. 2011) revealed that centromeric DNA patterns in Neurospora lineages are not static (Fig. 1b) . While FGSC3566 has almost identical Cen-VII sequences as the reference strain FGSC2489, FGSC2261 and FGSC7022 harbor significant differences. FGSC2261 and FGSC7022 were derived by crossing mixed-lineage strains into the lineage that eventually produced the reference strain.
In the near future, the genomes of a large number of wild N. crassa isolates from Louisiana will become available. This set of strains has already served as a resource to address fundamental questions connecting genotype to phenotype (Ellison et al. 2011a) . It also offers the opportunity to study centromere evolution in a well-defined group of strains that appear more closely related than the Oak Ridge and Mauriceville wild types of N. crassa that are widely in use in laboratories. In the meantime, we have analyzed crosses between the Mauriceville (NMF37) and Oak Ridge (FGSC2489) strains for the presence of gene conversion or crossing over in centromeric regions. These studies are aided by a remarkable advantage of Neurospora sexual development, as meiosis and a subsequent mitosis result in ordered ascospores, where position of the eight resulting spores in the ascus directly reflects position of the eight strands of DNA that participate in meiosis. This gives us the opportunity to visualize the complete extent of crossing over and gene conversion along the whole genome from individual meioses by HTS.
While we generated a first draft of the Mauriceville genome sequence , the gold standard has to be a finished sequence that contains precisely mapped and assembled centromeric DNA. This is an achievable goal for genome sequencing projects of filamentous fungi. The most recent studies with short-read HTS suggest that centromeric DNA is more easily captured by HTS than by traditional Sanger sequencing, likely because no in vivo cloning is required. Many fungal genomes that were sequenced pre-HTS (e.g., several Aspergillus and Fusarium species) are missing most or all centromeric DNA sequences from the currently available assemblies. For example, while Fusarium graminearum DNA sequences located on the chromosome arms are almost completely assembled, all four centromeric DNA segments remain unknown. ChIP-seq with CenH3 showed mapping to the edges of 20-kb spacers that were inserted as placeholders into the genome sequence (Fig. 2a) . Curiously, all eight boundaries contain 1-1.5 kb of assembled sequence that cannot be amplified from the genome, suggesting that assembly programs "stalled" at these points (K.R. Pomraning, K.M. Smith, and M. Freitag, unpublished data) . A perhaps less likely alternative for the apparent lack of centromeric DNA from otherwise well-assembled fungal genomes is that centromeric DNA may not be recognizable because it is uncharacteristically not particularly AT-or repeat rich.
Early de novo genome assemblies based on short-read HTS, like that of Sordaria macrospora (Nowrousian et al. 2010) , also lack completely assembled centromeric DNA; even the second Sordaria assembly still has over 1,500 contigs. Both sequencing and assembly from short-read HTS are constantly improving, however, and several more recently started genome projects that relied on either Illumina or 454 HTS (or a mixture of both) generated supercontigs that contain 30-100 kb stretches of AT-and repeat-rich DNA. In several cases (e.g., Fusarium asiaticum and Fusarium fujikuroi) such long uninterrupted segments occur only once on large supercontigs. Their edges are often syntenic with F. graminearum sequence. When mapping F. graminearum reads from CenH3 ChIP-seq to the F. asiaticum genome, edges were enriched for CenH3, but the intervening AT-rich DNA showed no or little similarity to any DNA immunoprecipitated with F. graminearum CenH3, suggesting that the centromeric DNA of these species is diverged, similar to what we found by analyzing centromeric DNA from several Neurospora strains ( Fig. 2b ; L.R. Connolly, K.M. Smith, and M. Freitag, unpublished data) . For all fungal genomes, no matter if Sanger or HTS derived, the best assay for centromeric DNA will be to identify the specialized nucleosomes that contain the centromere-specific histone H3, CenH3, which is today's litmus test for centromere placement. Among filamentous fungi this has been achieved so far only in Neurospora.
Centromere identity is determined by a centromere-specific histone H3, CenH3
Independent of DNA sequence, the universal "centromere identifier" in all organisms studied so far is a specialized histone H3 variant called CENP-A in mammals (Palmer et al. 1987) , Cid in Drosophila (James and Elgin 1986), CenH3 in N. crassa (Smith et al. 2011), Cnp1 CenpA in S. pombe (Takahashi et al. 2000) , Cse4 in S. cerevisiae (Stoler et al. 1995) and C. albicans (Sanyal and Carbon 2002) , and HRT12 in Arabidopsis thaliana (Talbert et al. 2002) . The nomenclature for fungal homologs of centromere and kinetochore proteins is currently not settled. For Neurospora, we propose "CEN" followed by the letter code used for mammalian proteins; this is based on the requirement for three-letter code for fungal gene names. Thus, if we use CENP-B we mean the animal protein, if we use CEN-B we mean the Neurospora homologue specifically. CenH3 sequences The region under the purple line above the two CenH3 tracks contains only "N"s. The two arrows indicate position of misassembled DNA that cannot be amplified from the genome by PCR. c Mapping of F. graminearum CenH3 ChIP-seq reads to the F. asiaticum Cen1 region. Only the edges of the centromeric regions are identified. The core region is so divergent that essentially no reads map to this AT-and repeat-rich region. One silencing (H3K27me3, red) and one activating (H3K4me2, green) histone modification are also shown. In both a and b, CenH3 enrichment was observed at the edges of the presumed centromeric regions (and even overlapping genes, as in a), likely because shearing by sonication can result in arrays of several nucleosomes from fungi show high variability in length and sequence of the N-terminal tail and loop I region within the histone fold domain (Baker and Rogers 2006) . The region surrounding loop I, the "CENP-A targeting domain" (CATD), proved sufficient to target CenH3 (or heterologous H3 with a CATD) into centromeric nucleosomes (Black et al. 2007) , although this was not the case in A. thaliana (Ravi et al. 2010) . Ongoing studies with Neurospora suggest that the CATD is conserved in filamentous fungi, as CenH3 proteins from several filamentous fungi yield the expected chromocenter localization when the native Neurospora CenH3 gene is replaced with heterologous genes (P.A. Phatale, K.M. Smith, L.R. Connolly, and M. Freitag, unpublished data).
Centromere proteins bind centromeric DNA with a nonuniform but stable pattern
The availability of N. crassa centromeric DNA sequences has allowed detailed mapping of proteins associated with these segments by ChIP-seq. For this, centromere proteins or modified histones were immunoprecipitated; the associated DNA was sequenced and mapped back to the N. crassa reference genome ). Because centromere "repeats" of N. crassa are nonidentical, reads can be mapped to centromeric segments with great precision, something not yet possible in most plants and mammals with homogeneous repeats that are nearly identical across most centromeres.
As mentioned above, DNA composition is indistinguishable between the centromere and other regions of AT-rich sequence dispersed along the chromosome arms and near the telomeres, yet CenH3 is only associated with centromeric DNA . If centromere boundaries were precise and CenH3 occupancy was completely uniform in each of the many nuclei analyzed, one would expect a rectangular shape as readout of CenH3 localization. Instead, we found a distribution that suggests that CenH3 occupancy is variable within a defined region on each chromosome (Fig. 3a) . This distribution is stable, as essentially the same result was obtained from three independently derived strains ). An additional strain, NMF327, was grown for extended periods of time through Ryan or "racetubes," which is a convenient way to analyze Neurospora linear growth over a long time (Davis 2000) . These experiments confirmed that CenH3 binds with a regular pattern that is maintained throughout multiple mitotic divisions. As the four strains resulted from different crosses, distribution of CenH3 is also stable through meiosis or at least reproducibly re-established after meiotic divisions (P.A. Phatale, K.M. Smith, and M. Freitag, unpublished results) .
CenH3 colocalizes with two inner kinetochore proteins, CEN-C and CEN-T (Fig. 3b and Table 1 ). Plotting reads per kilobase revealed discrete peaks and valleys for CenH3 distribution, on average 1.0-1.2 kb (or roughly five to six nucelosomes) between inflection points (Fig. 3c) . Like that for CenH3, enrichment of CEN-C shows patterns of peaks and valleys, but CEN-T binding appears more uniform across the centromere. We first discounted this periodicity, or "phasing," as a product of preferred shearing sites in preparation for ChIP, but the observed reproducibility, especially of the CenH3 mapping for numerous replicates (Fig. 3c) , suggests the presence of preferred regions of CenH3 nucleosome occupancy. How may this phasing be generated? There are no obvious differences in the underlying DNA sequence . We considered additional possibilities: (1) Phasing is generated by centromere-specific histone modifications or (2) additional centromere proteins, e.g., CEN-B, CenH3 chaperones such as CEN-C and SCM3/HJURP, or the CEN-T-W-S-X complex, are involved in generating ordered arrays of CenH3 and H3 nucleosomes. We will discuss these possibilities below.
Neurospora centromeres are heterochromatic
Centromeric chromatin has long been thought of as constitutively silenced and thus described as a heterochromatic domain. This view of centromeres has been challenged by cytological and biochemical analyses of rice, fly, and mammalian chromatin (Sullivan and Karpen 2004; Yan et al. 2005; Ma et al. 2007 ). In animals, production of RNA from centromeric DNA appears necessary for CenH3 targeting (Bergmann et al. 2010) . The original notion still holds in Neurospora, however, where centromeric DNA is associated largely with nucleosomes that are modified by silencing histone modifications ).
In humans, Drosophila, and S. pombe centromeres, CenH3 nucleosomes are interspersed between nucleosomes containing canonical H3 that is di-or trimethylated at lysine 4 (H3K4me2 or H3K4-me3) (Sullivan and Karpen 2004; Cam et al. 2005) . In contrast, ChIP of H3K4me2 or H3K4me3 in N. crassa showed that histones with these modifications localize to coding regions and are absent from centromeres under standard laboratory growth conditions (Fig. 4a) . In their place, H3K9me3 was found to colocalize with the CenH3 signal. Indeed, H3K9me3 signals extend further than CenH3 into the chromosome arms, thus-together with the presence of methylated cytosines-delineating the relatively small pericentric regions of Neurospora chromosomes (Fig. 4a) . These findings are similar to those from studies with mice, where CenH3 has been colocalized with H3K9me2 (Guenatri et al. 2004) , and with chicken, where a high-resolution map of kinetochores suggests coexistence of ) ChIP-seq. c Binning CenH3 enrichment as reads per kilobase reveals periodicity in enrichment for three CenH3 replicates (CenH3, a-c), and to a lesser extent for CEN-C. CEN-T seems to be more evenly distributed Proteins were identified by Blast searches with the indicated human or S. pombe protein sequences as bait. Nomenclature for fungal homologues is currently uncertain; for N. crassa, we propose "CEN-" and for Fusarium we propose "Cen," in both cases followed by the letter code used for mammalian proteins. Here, we provide current locus numbers based on annotations that can be found at the Fungal Genome Initiative website at the Broad Institute (http://www.broadinstitute.org/scientific-community/data). Many of these homologues had been previously identified (Meraldi et al. 2006 ) but annotations have been updated. None no homologue was identified by sequence similarity H3K4me2, H3K9me3, and CenH3 in centromere cores (Ribeiro et al. 2010) . We next asked if heterochromatin is essential for centromere localization and function in Neurospora. In N. crassa, heterochromatin is formed by trimethylation of H3K9 by the histone methyltransferase, DIM-5, and trimethylated H3K9 is bound by the chromo domain of heterochromatin protein 1 (HP1) (Tamaru and Selker 2001; Freitag et al. 2004a) . Previous studies in S. pombe showed that RNAi-directed heterochromatin assembly via the H3K9 trimethylase Clr4/DIM-5/Suv39h and Swi6/HP1 at the otr is required to target CenH3 to the imr and cc segments (Folco et al. 2008) . Tethering Clr4 to minichromosomes induced synthetic heterochromatin, which was sufficient to recruit CenH3 and form a functional neocentromere (Kagansky et al. 2009 ). Thus, targeting of Clr4 abolished the need for the RNAi pathway. Heterochromatin is, however, not required for the inheritance of functional, native S. pombe centromeres (Folco et al. 2008; Kagansky et al. 2009 ). In contrast, both DIM-5 and HP-1 are required for proper localization of CenH3 in Neurospora. In the absence of either protein, the regions occupied by CenH3 shrink on most chromosomes, to as little as 55 % in a dim-5 mutant and 27 % in an hpo mutant ). Nevertheless, CenH3 distribution remains within the boundaries of the "normal" centromere. Centromeric regions that are free of H3K9me3 do not acquire H3K4me2 ), but other potential histone modifications have not been tested yet. Phenotypically, dim-5 CenH3-GFP strains are more impaired in growth than dim-5 mutants, suggesting a slight synergistic effect. So far, the requirement for heterochromatin to maintain CenH3 localization is unique to Neurospora, but we expect that this pathway will be conserved in other filamentous fungi.
Unlike for CenH3, however, the ChIP signal from H3K9me3 is uniform throughout the Neurospora centromere (Fig. 4b) . H3K9me3 is also found at dispersed and subtelomeric regions of heterochromatic AT-rich DNA (Lewis et al. 2009; Smith et al. 2011) . We hypothesized that CenH3 phasing may be caused by specific histone modifications and may thus also be altered in dim-5 or hpo mutants. If blocks of H3 and CenH3 nucleosomes would form the basis for the phasing in CenH3 distribution observed (Figs. 3c and 4b) one would expect that H3 or H3K9me3 distribution would be out of phase compared to that of CenH3, but this is not observed (Fig. 4b) . While the overall enrichment of CenH3 within the normal centromeric regions as well as CenH3 phasing was altered in dim-5, only CenH3 distribution was changed in hpo, suggesting that heterochromatin may contribute partially to the phasing effect (Fig. 4c) . It is still unknown if other chromo domain proteins can recognize H3K9me3 if HP1 is absent.
Proteins that are involved in targeting DIM-5 and HP1 to regions that are destined to become heterochromatic should show subtle centromere defects. DIM-5 is part of at least one complex, the DCDC (DIM-5, DIM-7, DIM-9, CUL-4, and DDB-1 complex) that recruits HP1 and the DNA methyltransferase DIM-2 (Lewis et al. 2010a,b; Zhao et al. 2010) . DIM-7 targets DIM-5 to the appropriate regions, but the activity of DIM-5 is dependent on the entire DCDC. DIM-7 is required for the interaction between DIM-5 and DIM-9 (or DDB-1/CUL-4 associated factor) (Lewis et al. 2010a; Xu et al. 2010) . DDB-1 and CUL-4 are part of a conserved E3 ubiquitin ligase complex (Petroski and Deshaies 2005 ), yet the substrate responsible for the control of heterochromatin formation remains unknown. Thus, cullins may control the activity or stability of DIM-5 and CenH3 directly.
Two additional complexes are involved in heterochromatin regulation in or near centromeric regions in Neurospora. A newly identified histone deacetylase complex with two chromo domain proteins, "HCHC" (HP1, CDP-2, HDA-1, and CHAP), can generate heterochromatin. Defects in HCHC result in histone hyperacetylation and DNA hypermethylation in centromeric regions, the latter based on increased accessibility of the chromatin to DIM-2 (Honda et al. 2012) . A second complex, DNA methylation modulator (DMM), contains a jumonji domain protein and limits spread of heterochomatin and subsequent DNA methylation from AT-rich regions into genes (Honda et al. 2010) .
Ongoing studies address de novo assembly of centromeres on minichromosomes in N. crassa and F. graminearum. So far artificial chromosomes have not been generated in any filamentous fungus, and plasmids with autonomously replicating sequences have been recalcitrant to stabilization by integration of centromeric DNA. These experiments need to be carried out to establish if heterochromatin is required for neocentromere formation in filamentous fungi. Similarly, mutants in core RNA silencing components retain normal heterochromatin and DNA methylation (Freitag et al. 2004b; Lewis et al. 2009 ). Thus, while small RNA is produced from the centromeric DNA in Neurospora (Chicas et al. 2004; Lee et al. 2010) , it remains unclear if these or other noncoding RNAs are required for proper centromere function, as has been seen in maize for long single-stranded RNA species (Du et al. 2010 ).
Fungal centromere proteins: CEN-B, CEN-C, and the CEN-T-W-S-X complex
Most centromere and kinetochore proteins that have been identified in S. pombe and vertebrates have homologues in filamentous fungi, albeit with fairly divergent amino acid sequences (Table 1) . Many of these homologues had been described previously (Meraldi et al. 2006 ), and we provide here updated locus numbers for four species, two organisms used widely as reference, or "model," species (N. crassa and Aspergillus nidulans) and two important plant pathogens, on wheat and maize (F. graminearum) or rice (Magnaporthe oryzae). The genomes of almost 200 filamentous fungi have now been sequenced, and, with few exceptions, similar lists can be assembled for most of the taxa using the provided locus numbers. Homologues that are still missing from Table 1 are presumed to be either acquired more recently in animals (e.g., NPM1, M18BP1, MgcRacGAP) or may simply not be recognizable by similarity alone (e.g., Mis17, CENP-R). Within the fungi, there is wide variation, so that certain homologues appear to be missing from certain taxa (e.g., INCENP from S. pombe and A. nidulans, CEN-L and CEN-Q from A. nidulans), while they are recognizable in other taxa.
Experimentally, centromeric proteins were first identified using immune serum from individuals with scleroderma as antibodies from these patients specifically recognized centromeric regions of chromosomes (Moroi et al. 1980) . Immunoprecipitation performed with these antibodies resulted in the identification of three proteins, CENP-A (CenH3), CENP-B, and CENP-C (Earnshaw and Migeon 1985) . CENP-B was cloned in the late 1980s (Earnshaw et al. 1987) , but a true function for this protein is still unknown. Human CENP-B consists of an N-terminal DNAbinding domain, which binds to 17-bp stretches (CENP-B boxes) in alpha-satellite repeats (Masumoto et al. 1989) , and a C-terminal dimerization domain. Electron microscopy revealed that CENP-B can contort centromeric DNA into loops, presumably by bringing two CENP-B boxes together upon CENP-B dimerization and that CENP-B can alter the positioning of nucleosomes in vitro (Yoda et al. 1998 ). This suggested that CENP-B plays a key role in determining the structure of the centromere and kinetochore, but multiple observations argue against a central role for CENP-B in centromere formation. CENP-B knockout mice have only mild growth abnormalities and have no detectable mitotic or meiotic defects (Hudson et al. 1998; Perez-Castro et al. 1998; Fowler et al. 2000 Fowler et al. , 2004 . Moreover, CENP-B and CENP-B boxes are apparently absent from the Y chromosome centromere and neocentromeres (Choo 2001) .
Three S. pombe homologues of CENP-B (Abp1, Cbh1, and Cbh2) have been identified (Murakami et al. 1996; Lee et al. 1997; Irelan et al. 2001 ), but none has been found in S. cerevisiae. While all single deletion strains survive, triple deletion of all CENP-B homologues is lethal (Baum and Clarke 2000; Irelan et al. 2001 ). The S. pombe CENP-B homologues not only bind to centromeric DNA (Lee et al. 1997 ) but have also been found associated with the yeast DNA replication machinery (Murakami et al. 1996) , the silencing of retrotransposons (Cam et al. 2008) , and genome maintenance during replication of repetitive DNA (Zaratiegui et al. 2011) . Taken together, these results suggest that the roles for CENP-B proteins in fission yeast are different from that of human CENP-B.
The idea for distinct functions of fission yeast and human CENP-B is supported by results that suggest that CENP-B genes are of independent origins. Phylogenetic analysis supports the notion that S. pombe and human CENP-B genes evolved independently from distinct clades of pogo-like transposons (Casola et al. 2008) , providing an excellent example of convergent evolution as there seems to be a strong selective advantage to employing CENP-B homologues in genome maintenance. While pogo-like transposons are widespread in fungi, it has been suggested that the domestication event that produced the S. pombe CENP-B homologues has occurred fairly recently, and true orthologs of Abp1, Cbh1, and Cbh2 should thus be found only in closely related species (Casola et al. 2008) . Likewise, pogo-like transposons can be found in many animals, but direct orthologs of human CENP-B are presumably found only in mammals.
The evolutionary history of the human and S. pombe CENP-B homologues discussed above makes it difficult to compare results in these two systems. Study of a third, independently evolved homologue of CENP-B should help to clarify the role of these proteins in genome maintenance. We discovered two N. crassa homologues of CENP-B, named CEN-B1 (NCU06592) and CEN-B2 (NCU00392). Both genes appear to be derived from the domestication of pogolike transposons, and these events were apparently independent of those leading to either the human or the S. pombe CENP-B homologues (Fig. 5) . Curiously, a small family of Abp1-like proteins that occur in Neurospora has been inactivated by RIP ( Fig. 5 ; ABP-1 RIP ), suggesting that the precursor of Abp1/Cbh1/ Cbh2 or even a similar CENP-B-like protein existed at one time in Neurospora but has undergone mutation by RIP because of gene duplications. We searched the genomes of other filamentous fungi for putative CEN-B homologues. Different lineages-not necessarily coincident with accepted phylogeny-have different CEN-B homologues. This suggests that at least three groups of fungal CEN-B proteins exist (Fig. 5) . The first group comprises homologues of S. pombe Abp1/ Cbh1/Cbh2, and this contains CENP-B homologues from all Penicillium and Aspergillus species. Most Aspergillus species have three CEN-Bs, which we call CbhA, CbhB, and CbhC, respectively. In contrast, most Penicillium species appear to have a single CEN-B homologue, which we call CbhA. The second and third groups comprise homologues of Neurospora CEN-B1 and CEN-B2, respectively, and are largely found in the filamentous fungi. For all groups, pogolike transposons may have been founding members as Aspergillus mariner, Fusarium Fot1, Magnaporthe Pot2, and a Rhizopus transposase map with human CENP-B as an outgroup to all three CENP-B groups of fungi. Several basidiomycetes (e.g., Serpula and Laccaria) and ascomycetes (e.g., Tuber) have no recognizable CENP-B homologues but carry several groups of pogo transposons (data not shown). In
Botrytinia fuckeliana, duplication of CEN-B1 occurred relatively recently, yielding CEN-B1A and CEN-B1B (Fig. 5) . Dothideomycetes, an important group of grass pathogens (e.g., Leptosphaeria maculans, Pyrenophora tritici-repentis, Stagonospora nodorum, and Mycosphaerella graminicola) appear to lack CEN-B1, as do animal pathogens of the genus Coccidioides (Fig. 5) . By analyses with GlobPlot (Linding et al. 2003) , Neurospora CEN-B1 and CEN-B2 are predicted to have disordered regions at their immediate Nterminus, followed by globular domains (aa 101-238 or 124-282, respectively), which are followed by (1) homologues of S. pombe Abp1/Cbh1/Cbh2, the heterogeneous "Cbh group"; (2) homologues of Neurospora CEN-B1 ("CEN-B1 group"); and (3) homologues of Neurospora CEN-B2 ("CEN-B2 group"). On this tree, fungal pogo-like transposases, the Cbh group and human CENP-B reside on a different branch than the CEN-B homologues of filamentous fungi proline-rich regions that are also predicted to be disordered (J.M. Galazka and M. Freitag, unpublished data). CEN-B2 is predicted to have a globular C-terminus (aa 493-573). Both proteins contain a Tc5 transposase-like DNA-binding domain, consisting of a helix-turn-helix structural motif, of which the second helix is predicted to make specific contacts with the major groove of DNA (Brennan and Matthews 1989) . CEN-B2 is also predicted to have an N-terminal "CENP-B N-terminal DNA-binding domain." The CENP-B N-terminal DNA-binding domain consists of two linked helixturn-helix domains that bind to the major groove of DNA (Tanaka et al. 2001) .
Preliminary experimental evidence revealed peptides corresponding to CEN-B1 after mass spectrometry of immunoprecipitated Neurospora CenH3, which suggests that at least CEN-B1 localizes to the centromeres of N. crassa (S. Honda, P.A. Phatale, M. Freitag, and E.U. Selker, unpublished results). ChIP-seq with CenH3 in CEN-B1 and CEN-B2 single or double mutants is ongoing and will test our central hypothesis regarding CEN-B, namely, that the Neurospora CEN-B proteins are responsible for maintaining the phasing of CenH3 (Fig. 3c) . We hypothesize that CenH3 is located at the "peaks" of the period because CEN-B1 and/or CEN-B2 are located at the "troughs" of the period. Our hypothesis is validated if deletion of CENP-B1 and/or CENP-B2 eliminates or modifies the CenH3 periodicity.
CENP-C plays an important role in linking centromeres to the kinetochore (Perpelescu and Fukagawa 2011) . Phylogenetic analyses of a small sample of animal, fungal, and plant CENP-C proteins showed that regions under positive or negative selection are dispersed throughout the entire protein sequences (Fig. 6 ). The C-terminal dimerization domain and "cupin-fold" (Dunwell et al. 2001 , Trazzi et al. 2009 ) and CENP-B interaction domain of animal CENP-C is conserved, as is the C-terminus of plant CENP-C. The N-terminal and central domains show more extensive stretches of variable regions (Talbert et al. 2004; Schueler et al. 2010) . Both N-and C-terminal regions interact with the outer kinetochore Mis12 complex, bridging the inner kinetochore (Schueler et al. 2010; Screpanti et al. 2011) . The CENP-C motif, adjacent to a more centrally localized DNA-binding domain, is a small stretch of 10-15 amino acid residues and is the most conserved motif in all CENP-C sequences in animals, fungi, and plants (Song et al. 2002; Talbert et al. 2004; Schueler et al. 2010; Screpanti et al. 2011) . In S. cerevisiae, this motif interacts with the CBF1 complex, which binds directly to one of the conserved centromeric DNA regions, CDEI (Meluh and Koshland 1995) , and this motif is considered the centromere targeting domain of human CENP-C (Song et al. 2002) .
A recent study on the evolutionary history of CENP-C within primates suggested not only conservation of numerous domains but also the presence of 76 specific residues that are under positive selection (Schueler et al. 2010 ). An earlier study included only two yeasts, S cerevisiae and S. paradoxus (Talbert et al. 2004 ). Thus, we asked if filamentous fungi show evidence for positive selection in CENP-C. With MEGA (Tamura et al. 2007 ), we generated multiple sequence alignments of CENP-C homologues, whose sequences were retrieved from GenBank and the Broad Institute Fungal Genome Initiative (http:// www.broadinstitute.org/scientific-community/data) using the Neurospora CEN-C sequence as bait. Fungal CEN-C trees were built by maximum likelihood analysis (Felsenstein 1993) . We estimated the ratio of nonsynonymous to synonymous substitutions, Pi(a)/Pi(s), of amino acids (Rozas and Rozas 1995) . Overall similar branching patterns were observed for the CEN-C tree and the tree based on a six-gene phylogeny for the fungal kingdom (James et al. 2006) , suggesting that clades in the CEN-C tree matched evolutionary relationships. CEN-C sequences of selected sister taxa of N. crassa (i.e., Fusarium graminearum, Fusarium verticillioides, Fusarium oxysporum, Magnaporthe grisea, Chaetomium globosum, and Podospora anserina) were used for determining Pi(a)/Pi(s) ratios. We found one region (at 264-290 aa in the N. crassa sequence) that appears under slight positive selection [Pi(a)/Pi(s) ratio>1], whereas the N-and C-terminus and the CENP-C motif were under purifying selection. This pattern more closely resembles what has been found in plants and animals (Talbert et al. 2004; Schueler et al. 2010) , rather than with the two Saccharomyces species (Talbert et al. 2004 ). To study CEN-C evolution in more detail, we amplified cen-c genes from seven N. crassa, three N. tetrasperma, two N. sitophila, and one N. africana, N. terricola, and Gelasinospora tetrasperma wild-type strains (P.A. Phatale, K.M. Smith, and M. Freitag, unpublished data) . Signatures of positive selection were found in the central region (from 245-258 and 288-318 aa), interrupted by a short region under negative selection. Based on the residues found, we hypothesize that this high variability region interacts with centromeric DNA and may support increased rate of centromeric DNA evolution, as has been proposed previously (reviewed in Dawe and Henikoff 2006) . Alternatively, this region may interact with other centromere proteins, as does fission yeast Moa1, which is recruited by Cnp3/CENP-C (Tanaka et al. 2009 ). So far, however, no homologue of Moa1 has been uncovered in filamentous fungi by sequence similarity alone. In summary, CEN-C proteins of filamentous fungi show evidence of negative selection along most of their separate domains, but small regions that may be under positive selection have been identified, as is the case for CenH3 (P.A. Phatale, K.M. Smith, and M. Freitag, unpublished data; Schueler et al. 2010) . Whether, however, these potentially adaptively evolving regions are involved in protein-protein or protein-DNA interactions remains to be determined. Thus, we are currently studying important regions of CEN-C by genetic means (e.g., domain swaps of the type that we and others have carried out with CenH3), and we anticipate that functional analyses, together with refined phylogenetic analyses, will improve the resolution provided by analyses provide here.
To allow assembly of CenH3 chromatin, CEN-C recruits specific proteins, for example, the Mis12/ MIND complex and the Mis18 complex protein M18BP1 (Milks et al. 2009; Moree et al. 2011 ). M18BP1/KNL2 has been shown to interact with a GTPase-activating protein, MgcRacGAP, which stabilizes newly formed CenH3 chromatin (Lagana et al. 2010) . While there are predicted Mis12 homologues in filamentous fungi (Table 1) , there are no data to suggest that M18BP1/KNL2 or MgcRacGAP are conserved in filamentous fungi.
Conversely, homologues for the CenH3 chaperone or "receptor," Scm3/HJURP, found in the yeasts (Stoler et al. 2007; Camahort et al. 2007; Mizuguchi et al. 2007; Pidoux et al. 2009; Williams et al. 2009; Shivaraju et al. 2011; Zhou et al. 2011 ) and in mammals (Dunleavy et al. 2009; Foltz et al. 2009; SanchezPulido et al. 2009; Bergmann et al. 2010; Hu et al. 2011 ) are present in filamentous fungi. While a functionally related protein, CAL1, has been identified from flies (Erhardt et al. 2008; Mellone et al. 2011) , no Scm3/HJURP homologue has been found in plants yet. The predicted SCM3 proteins in the filamentous fungi are much longer than the yeast homologues (from 800 to 1,300 aa, instead of 223 Fig. 6 Evolution of fungal CENPC homologues. a Analysis of CEN-C proteins identified from representative fungal genomes suggests that CEN-C has one short region (blue line) that may be under positive selection, while the N-and C-terminal regions are under negative selection (gray), as is the CEN-C motif (red line). Numerous charged amino acid residues (shown in blue) in the putatively adaptive region may be involved in DNA-binding by CEN-C. b Neurospora CEN-C proteins have two short regions (green lines) that may be under positive selection and that surround a less variable region (orange line). This region mostly coincides with the putative motif under positive selection when comparing representative fungal taxa (see a). Alignments were done by MEGA (Tamura et al. 2007) or MEME , and the graphs show Pi(a)/Pi(s), the ratio of nonsynonymous to synonymous mutations calculated by analyzing sequences in DNAsp (Rozas and Rozas 1995) and 336 aa for S. cerevisiae and S. pombe, respectively) and show no sequence similarity outside of the short N-terminal Scm3/HJURP motif (P.A. Phatale, K.M. Smith, and M. Freitag, unpublished data) . Functional tests are underway, but it remains unclear how similar these proteins are to other Scm3/HJURP proteins.
Recent studies with metazoan CENP-T, CENP-W, CENP-S, and CENP-X revealed that these proteins appear to be present in a tetrameric complex that may mimic canonical nucleosomes (Nishino et al. 2012) . Tethering experiments revealed that the CENP-T-W-S-X complex is sufficient to nucleate at least partially functional kinetochores, even in the absence of CenH3 (Gascoigne et al. 2011) . How similar are animal CENP-T-W-S-X to putative functional homologues from fungi? Homologues for CENP-S and CENP-X can be found in yeasts (e.g., S. cerevisiae CENP-S, Ashbya gossypii CENP-S, and CENP-X); in S. pombe, all four proteins are recognizable by sequence similarity (Figs. 7 and 8, Table 1 ). Little is known about these proteins in filamentous fungi. Neurospora CEN-T (NCU02161), a 599-amino-acid protein, maps to the same chromosomal regions as CenH3 (Fig. 7a) and is predicted to serve as a bridge from the centromere to outer kinetochore proteins. Under standard laboratory growth conditions, little transcription from this gene has been observed, and the gene structure remains unclear (K.M. Smith and M. Freitag, unpublished data) . The histone H4-like CEN-S (NCU03629), 112 amino acids long, is also localized to chromocenters (Fig. 8a) , and the predicted gene structure in Neurospora is supported by RNA-seq data (K.M. Smith and M. Freitag, unpublished data) . CEN-W (NCU03400) and CEN-X (NCU09478) are short proteins of 77 and 203 amino acids, respectively, that are difficult to identify by sequence similarity alone. For both CEN-W and CEN-X predicted gene structures are supported by transcripts that were identified by RNA-seq (K.M. Smith, E.L. Bredeweg, and M. Freitag, unpublished data) . Homologues of all four proteins are found in other filamentous fungi as well, and several conserved, histone-fold-like motifs can be discerned in all of them. These regions largely overlap with motifs that had been recognized to be functionally important for targeting of the metazoan homologues to centromeric DNA (Gascoigne et al. 2011; Nishino et al. 2012) . Phylogenies of the four proteins derived with representative fungi mirror established relationships between the species (Figs. 7b, c and 8b, c) and regions considered to be important for the proposed CEN-T-W-S-X tetramer formation or DNA-binding (Nishino et al. 2012) appear conserved between human, zebrafish and fungal CEN-T and CEN-S (Figs. 7d, e and  8d, e) . Genetic studies to uncover the function of this putative complex in Neurospora and Fusarium are underway, and in combination with ongoing studies on the true function of centromeric heterochromatin, the CEN-B, CEN-C, and SCM-3 homologues of N. crassa will hopefully provide further mechanistic insights into the CenH3 phasing effect observed by ChIP-seq.
Concluding remarks
Filamentous fungi appear to span the gap from the smaller or relatively regularly constructed regional centromeres of C. albicans and S. pombe to both animals and plants with relatively chaotic centromeric DNA assemblies. This group of organisms offers experimental advantages for the analysis of centromeric DNA and the examination of coevolving DNA and protein in real time. Questions relating to recombination suppression near centromeres (Talbert and Henikoff 2010) and the existence of gene conversion events within centromeric DNA segments (Shi et al. 2010) , for example, can be addressed in N. crassa by HTS of progeny deriving from a single meiosis because of its ordered ascospores. One of the main themes of our future centromere research on filamentous fungi will be to consider if what is true for the best-studied filamentous fungus, N. crassa, also holds for other taxa in this large, heterogeneous group of organisms. For this reason, we have begun to assemble the centromeric DNA sequences of several filamentous fungi in the genera Aspergillus, Fusarium, and Mycosphaerella, and-as in Neurospora-we are currently mapping the distribution of centromere proteins in these taxa by ChIP-seq. Our hope is that such comparative studies will help to distinguish between general and specific findings, and that they will lend context for findings from other, more divergent taxa of eukaryotes. This is not just an intellectually interesting exercise, as filamentous fungi are exceedingly successful pathogens, especially on plants, but also increasingly on animals and humans. Few antifungals are Fig. 7 Phylogeny of fungal CENP-T and CENP-W. a Neurospora CEN-T-GFP localizes to chromocenters, here shown in a cluster of asexual spores. Spores typically contain two to three nuclei and each nucleus has a single bright focus (scale bar, 10 μm). Phylogenies for CEN-T (b) and CEN-W (c) were constructed from predicted protein sequences of representative filamentous fungi as well as S. pombe, zebrafish, and human. Phylogenetic relationships between the taxa are maintained in these single-protein trees. Alignments of the conserved histonelike domain of CEN-T homologues (d) or the whole CEN-W proteins (e) from selected filamentous fungi as well as S. pombe, zebrafish, and human. Residues to be predicted as necessary for tetramer formation (Nishino et al. 2012 ) are underlined and appear conserved between animal and fungal CEN-T. Residues that may be involved in DNA-binding are shown in bold truly "fungus-specific"-most act on many eukaryotes. If centromeric DNA and proteins do indeed coevolve more quickly than other systems, there may be hope for designing small-molecule drugs to interfere with centromere and kinetochore function in only certain species. Fig. 8 Phylogeny of fungal CENP-S and CENP-X. a Neurospora CEN-S-GFP localizes to chromocenters, here shown in a germinating asexual spore (lower right). Chromocenters are oriented towards the growing tip (top center), and each nucleus has one single bright CEN-S-GFP focus (scale bar, 10 μm). Phylogenies for CEN-S (b) and CEN-X (c) were constructed from predicted protein sequences of representative filamentous fungi as well as A. gossypii, S. pombe, zebrafish and human. Phylogenetic relationships between the taxa are largely maintained in these single-protein trees. Alignments of CEN-S homologues (d) or the histone-like domain from CEN-X proteins (e) from selected filamentous fungi as well as A. gossypii, S. pombe, zebrafish, and human. Residues to be predicted as necessary for tetramer formation (Nishino et al. 2012 ) are underlined and appear conserved between animal and fungal CEN-T. Residues that may be involved in DNA-binding are shown in bold
